Abstract-The design, fabrication, verification and manufacturing considerations of a PCB-based fringing electric field soil moisture sensor are described here. The theory of the operation, important design considerations and the sensor element performance are demonstrated as well. The soil moisture sensor element is fabricated using the well-established and well-controlled PCB technology. The sensing mechanism is driven using single excitation frequency. The performance of the soil moisture sensor in the coco-peat soil mixture is investigated and presented. The experimental study validated that the soil moisture sensor is capable of measuring the water content in the coco peat soil mixture at various volumetric percentage. However, for other type of soils, the sensor needs to be calibrated.
I. INTRODUCTION
Accurate measurement of soil moisture in greenhouses and open plantations can help farmers and agricultural researchers in many ways. For example in order to study the growth dependency of various plants to the Volumetric Water Content (VWC) of the soil, an accurate moisture sensor is needed to avoid taken any wrong data than can lead to plant damage. A modern farmer could also analyse the collected data of which the then results can be used to reduce the water consumption by advanced automated irrigations. Soil moisture sensor based on the dielectric properties is not stable because of the influence of soil texture and structure. It has a great influence on the soil dielectric properties in low and medium frequency but almost no effect in the high frequency. To improve the accuracy of the sensor, selecting the optimal frequency is important according to the soil texture. So it is important to excite the soil moisture sensor with a right frequency.
Liquid water has large dielectric constant about 80 and this material property is contributed by its molecule's ability to align its dipole when applied field. Anything that resists the molecular rotation and tight binding between soil particles will reduce the constant value. For
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example, the dielectric constant of soil mineral is in between ranges from 4 to 14 (Flaschke and Trankler, 1999). [1] The dry soil has molecule that tightly bound. When water is added at a first stage, the molecules still tightly bounded but introduce a small increase in dielectric constant. As more water added, the molecules are farther away from particle surfaces and this increase the dielectric constant of soil. This shows that the condition of soil texture is influenced by its water content (Schmugge, 1983) . [2] The dielectric response of a material is generally quantified in terms of its complex dielectric permittivity. The complex dielectric permittivity  *  is usually represented as:  * '−"  where'is the real parts representing capacitive energy storage and " is the loss. In general, it is a function of; 1) frequency, temperature and salinity, 2) the total VWC, 3) the relative fractions of bound and free water (related to the soil surface area per unit volume), 4) the bulk soil density, 5) the shape of the soil particles, and 6) the shape of water inclusions [3] . For all materials, the loss factor is a function of excitation frequency. So it is important to excite the soil moisture sensor with a right frequency. The purpose of this research study is to fabricate and test an adaptable soil moisture sensor that capable of measuring the moisture level inside the material under test. Soil preparation method is also described to ensure the targeted soil moisture level can be prepared before taking any measurement. This paper discusses the performance of a new designed, simulated and fabricated soil moisture sensor in reacting to the changes of the volumetric water percentage in the coco peat soil mixture at single excitation frequency in relation to the fringing electric field lateral electrode impedance.
II. BASIC OF FRINGING ELECTRIC FIELD SOIL MOISTURE SENSOR
From the literature survey, it is found that the moisture level of soil can be represented by its dielectric constant. When the soil is dry, the dielectric constant values are smaller than the dielectric constant of the soil that is wet to its saturation. When the dielectric constant material are positioned between two plating panel, it will have the structure similar to that of a capacitor. Thus, we can measure the moisture level or volumetric water content of soil by measuring its impedance values.
The sensor described here consists of a pair of lateral electrodes embedded in the middle layer of Printed Circuit Board (PCB) shielded by a ground plane from one side. The drive and sense electrodes have two and three fingers respectively. The width of the fingers, W is 5mm and the spacing between the fingers; S is 3mm. Fig. 1 shows the layout of the interdigitated electrodes. In term of signal integrity, when a signal travels from one point to the other point with higher frequency and long traces, there will be signal loss or distortion. To maintain good signal integrity, all the trace connection should be maintained in uniform characteristic impedance Z o (H. W. Johnson, 1993) . In this case, the characteristic impedance to be maintained is 50 ohm. [4] The electric fields originating from the driving electrodes will penetrate through the soil and then terminate on the sensing electrodes. The dielectric properties of the soil will alter the distribution of the electric field lines. Because the electric field of the sensors is non-uniform, the measurement sensitivity becomes position-dependent. The signal strength of the sensor reduces exponentially with its further away from the sensor surface. Measurement also depends on the penetration depth of the field which is mainly affected by the geometry parameter used in the sensor design, the excitation signal power and the frequency of excitation. The fringing electric field distributed beyond the penetration depth is weak. Therefore the sensor only measures the property of the adjacent soil.
III. DESIGN AND SIMULATION
The sensor element design and simulation start with definition of number of layers, layer thickness, material selection and parameter geometry of the sensor element. The capacitance output of the simulation results must be within the design specifications which output can be read with the available read out circuitry. The capacitance value from FEF element can be calculated from the formula derived by the conformal mapping method produced by the Schwarz-Christoffel transform [5] , [6] . To increase the capacitance value of fringing electric field sensor element, the electrode width, W, length, L and the numbers of FEF fingers should be bigger, while the spacing, S between sense and drive electrode as shown in Fig. 2 should be smaller. These are the important parameters considered in the simulation in order to achieving the desired capacitance for the sensor. But among all, the numbers of fringing electric field electrode gave a higher increase in capacitance value.
Simulations are conducted using Finite Element Analysis (FEA) software, Finite Element Method Magnetics® (FEMM). The quality of the results from finite element methods depends on model definition as well as mesh generation and refinement. When the right model and mesh are chosen, finite element analysis simulations can generate results with very high accuracy [2] . Fig. 3 and Fig. 4 show the distribution of flux on the sensor's electrode after simulation is done. In the simulation only the design of sensing area is being analyze excluding the electronic circuitry effect. The sense and drive electrodes were placed side by side. There are two types of platform simulated using FEMM, (i) a single layer platform, where the fringing electric field electrode pattern is printed on Layer 1 as shown in Fig. 3 and (ii) double layer platform as shown in Fig. 4 , where the fringing electric field electrode pattern is printed on Layer 1 with additional ground plane on Layer 2. The effect of the two design approach has been studied using the FEMM software. Few assumptions have been made during the simulation process. When the dielectric permittivity is set to 1, it is assumed that the sensor element is exposed to air. For example, when the input value of dielectric permittivity is set at 40 in the simulation model, the sensor element is assumed to be exposed to 40%VWC in soil. The increment of the
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dielectric values is assumed to be proportional to the increment of the VWC. From the simulation result in Fig.  3 , it can be observed that the single layer platform creates fringing electric field at both sides of the PCB, which means that with this kind of arrangement, the sum of capacitance value of the top and bottom electrodes can be measured.
Meanwhile for the double layer platform, the simulation result in Fig. 4 shows that the fringing electric field has been cancelled out at the bottom area by the GND plane. Thus, only single sided electric field penetration is generated. The major reason for using large ground planes is to increase the magnetic field strength which only can happened when we designed the sensor for single sided sensing. The ground plane also has some advantages in reducing the electrical noise, interference and cross talk between the electrodes adjacent traces. The magnitude of field intensity is also higher for double layer platform as compared to single. High field intensity is very important here in order to produce a good and reliable soil moisture sensor. VWC range from air to 100% is simulated and shown in Fig. 5 . As expected, the magnitude of field intensity is decreased as the VWC increased due to fringing electric field penetration into the soil. From the simulation data, the fabricated sensor is expected to have linear output as shown in Fig. 6 . The requirements for the soil moisture sensor printed circuit board are to have a robust structure with less water absorption rate, high temperature value, and less warping.
It should be noted that increased level of sophistication may lead to increased material and processing cost. There are several material properties examined in order to select the right material to build the sensor. These properties are glass transition temperature (T g ), temperature of decomposition (T d ), dimension stability for X, Y direction, Coefficient of Thermal Expansion (CTE), water absorption, machinability and punch ability, flexural strength, flammability and peel strength.
The printed circuit board requires material with high physical strength property because during its deployment, the sensor needs to be inserted into soil. From the study being conducted, it appears that S1180 is a suitable material for this type of moisture sensor design. The S1180 has high strength and high T g property as well as considerably low moisture absorption rate to avoid measurement error thus it is the right material for this application. The readout circuit are preferably mounted on the same PCB and protected by the over-molding material. The over-molded section is function as a grip to handle the sensor as it needs to be pushed inside the soil during its deployment. The tip of the PCB as shown in Fig. 7 is sharp for easy insertion into undisturbed soils without spoiling the sensor. The size of the sensing element and its PCB material must be carefully chosen such that it bears the stresses applied during handling and deployment of the sensor in the field. For measurement purpose, at the end of the electrode two SMA connectors are mounted for excitation and sensing. The electrode is designed in the inner layer of PCB to avoid any moisture contact to the sensor electrode thus prevent corrosion.
IV. RESULTS AND DISCUSSION
Soil consists of air, water and solids. Volumetric Water Content (VWC) of soil is the ratio of the volume of water over the total volume of the soil. Soil water content can vary from 0% to a saturation point which is determined by the volume of voids (air) in soil. The complex mixture of soil can be quantified by Bulk Density (BD). BD is a volume of soil particle and the volume of pores among particle which is calculated by dry weight of soil divided by its volume. It is being express as grams per cubic centimeter (g/cm 3 ). Bulk density is important because it reflects the soil ability for the structural support nutrient and water retention, solute movement and soil aeration (Behari, 2005) [7] . Soil with loose and porous will have low bulk density while the soil that is compact will have high value of bulk density. The bulk density calculation will be used when preparing the target moisture level or the VWC of soil for experiment. Vol. 4, No. 5, October 2016 ©2016 Int. J. Electron. Electr. Eng.
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Few coco-peat samples of 10%, 20%, 30% and 40% were prepared. The two ports of the sensor were connected to the two ports of Agilent N5242A network analyser. The frequency of the network analyser is swept from 10MHz up to 500MHz and the impedance of the sensor is measured. The impedance of the sensor at different VWCs is plotted in Fig. 8 . As exhibited in the graph, the resonant frequency of the sensor is shifted to the left when the VWC of the soil is increased. The resonant frequency of the sensor in air is 200MHz while it is decreased to 130MHz at 40% VWC. The results show that frequency plays a big role in repeatability of the results in soil. At higher frequencies (more than 50MHz) the linearity of the sensor output and repeatability improved tremendously. Another interesting observation from the graph is that at frequencies around 250MHz, the dependency to moisture level is minimal. Although it is not useful for moisture level detection, it might be useful for other applications where a minimum dependency to moisture level is required. To examine the sensor to sensor variation, 2 more sensors were tested using this method and the sensor impedance of all the sensors at individual VWC is shown in Fig. 9 . The frequency was also swept from 10MHz to 500MHz and the impedance of the sensor was plotted.
The impedance of the sensor at different VWCs is plotted. The results show very good repeatability of the three sensors can be achieved. To evaluate the accuracy of the sensor measured at a fix frequency, a function generator was used to provide a sine wave signal with a fix frequency to excite one port of the sensor and an oscilloscope was used to monitor the induced signal at the other port of the sensor. The graphs in Fig. 10 shows that for the excitation frequencies in the range of 50MHz to 70MHz, the sensor response curves at various VWC are completely separated however at 80MHz the sensor output overlaps at different VWCs. From this finding it can be concluded that, the maximum induced power (voltage) occurred at 70MHz.
V. CONCLUSIONS
In summary, in an attempt to design a soil moisture sensor using Fringing Electric Field (FEF) approach, there are several important parameters that need to be considered: 1) The design parameter geometry; 2) The electrode contact to the material under test: the sensor design will define the range of capacitance that could be measured, sensing area and the strength of the fringing electric field penetration; 3) The working frequency: due to the inconsistence moisture level with height in the soil mixture, the sensor sensing area should be at the optimum so that it will not sense the parasitic parameter (such as salinity, noise and etc.) that will result to measurement error. The important finding that was discovered in this study is the three pairs -array interdigitated fingers with ground plane are the best simulated design that able to justify the sensor requirements. Secondly, the sensing electrode should not directly in contact or touch the material under test. The electrode is designed in the inner layer of PCB and the PCB material selection also important to avoid any moisture contact to the sensor electrode. Thirdly, the working frequencies of the input supply signal to the sensor element are very important. The frequency where the impedance value increased proportionally with the increase of soil moisture level also needs to be defined. It can be concluded that the best operating frequency to identify the VWC of the soil is at a single frequency of 70MHz.
